
The Production and Release of Living Root Cap Border Cells is a Function of
Root Apical Meristem Type in Dicotyledonous Angiosperm Plants

LESLEY HAMAMOTO1, MARTHA C. HAWES2 and THOMAS L. ROST1,*
1Section of Plant Biology, College of Biological Sciences, University of California, Davis, CA 95616, USA and

2Department of Plant Sciences, The University Arizona, Tucson, AZ 85712, USA

Received: 13 August 2005 Returned for revision: 13 September 2005 Accepted: 30 September 2005 Published electronically: 17 February 2006

� Background and Aims The root apical meristems (RAM) of flowering plant roots are organized into recognizable
pattern types. At present, there are no known ecological or physiological benefits to having one RAM organization
type over another. Although there are phylogenetic distribution patterns in plant groups, the possible evolutionary
advantages of different RAM organization patterns are not understood. Root caps of many flowering plant roots are
known to release living border cells into the rhizosphere, where the cells are believed to have the capacity to alter
conditions in the soil and to interact with soil micro-organisms. Consequently, high rates of border cell production
may have the potential to benefit plant growth and development greatly, and to provide a selective advantage in
certain soil environments. This study reports the use of several approaches to elucidate the anatomical and
developmental relationships between RAM organization and border cell production.
� Methods RAM types from many species were compared with numbers of border cells released in those species.
In addition, other species were grown, fixed and sectioned to verify their organization type and capacity to produce
border cells. Root tips were examined microscopically to characterize their pattern and some were stained to
determine the viability of root cap cells.
� Key Results The first report of a correlation between RAM organization type and the production and release of
border cells is provided: species exhibiting open RAM organization produce significantly more border cells than
species exhibiting closed apical organization. Roots with closed apical organization release peripheral root cap cells
in sheets or large groups of dead cells, whereas root caps with open organization release individual living border
cells.
� Conclusions This study, the first to document a relationship between RAM organization, root cap behaviour and
a possible ecological benefit to the plant, may yield a framework to examine the evolutionary causes for the
diversification of RAM organization types across taxa.
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INTRODUCTION

The root apical meristem (RAM) is the region within the
root tip from which all primary root tissues and the root
cap are derived. The RAM consists of many cells that
are actively engaged in division, growth and differen-
tiation. Tiers of more-or-less discrete initials that are
self-perpetuating ‘stem’ cells remain at the pole of the mer-
istem and function to produce cells for the RAM (Rost,
1994; Groot and Rost, 2001a, b; Groot et al., 2004). During
the initial phases of root growth, the RAM develops a dis-
tinct cellular pattern that differs across taxa (Esau, 1965;
Groot et al., 2004). In dicotyledonous plants these RAM
patterns are diverse, but were originally categorized into
two types, open and closed (von Guttenberg, 1968).
Recently, Groot et al. (2004) fine-tuned these categories
into three different organizational types (closed, basic-
open and intermediate-open), which are defined by the
arrangement of the initials and the spatial and apparent
lineage relationships between the initials and the rest of
the RAM.

Species exhibiting closed RAM organization are char-
acterized by clonally distinct tiers of initials where cell
files of a distinct tissue type can be traced back to the

tier of origin. Generally in dicotyledonous angiosperms,
there are three tiers of initials: one produces the vascular
cylinder, another the cortex, and a third both the epidermis
and the root cap. A classic example of a root with closed
organization is that of Arabidopsis thaliana (Baum and
Rost, 1996; Rost et al., 1996; Zhu et al., 1998a, b; Zhu
and Rost, 2000; Wenzel and Rost, 2001; Baum et al., 2002).
Comparatively, in roots exhibiting basic-open RAM
organization, cell files originate from a relatively large
zone of initials that lacks clonally distinct tiers (Rost and
Baum, 1988; Rost et al., 1988; Groot et al., 2004). In this
case, resulting cell types cannot be attributed to particular
groups of initials. In intermediate-open organization, the
cell files appear to converge on the meristem pole, but
the initials are shared between the root cap and both cortex
and vascular tissues (Wenzel et al., 2001; Groot et al.,
2004). RAM organization in monocotyledonous angio-
sperms is quite different than found in the dicots and will
not be considered in this report.

Border cells (formerly referred to as sloughed peripheral
root cap cells) are so named in reference to their function as
a physical and biological interface between the root and the
soil (Hawes, 1991; Hawes et al., 2005). These living cells
are programmed to separate from the root cap and from each
other as they reach the cap periphery. This action is* For correspondence. E-mail tlrost@ucdavis.edu
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accomplished through the activity of cell-wall-degrading
enzymes that solubilize the interconnections between
cells while in most species, leaving the walls of individual
cells intact (Hawes and Lin, 1990). In the majority of
species, the detached root cap cells remain viable once
they are shed into the external environment, and are hence-
forth referred to as border cells. The border cells undergo
changes in morphology and gene expression. The cells
elongate, produce lignified secondary walls and excrete
proteins into the surrounding soil environment
(Hawes et al., 2003). The number of border cells released
from root caps is different for different species of plants.
Examples of the extremes are Gossypium hirsutum
(Malvaceae), which releases 8000–10 000 border cells per
24 h, and Brassica rapa (Brassicaceae), which releases no
border cells (Hawes et al., 2003).

Like apical organization type, border cell production is
conserved within taxa. Here, comparison is made of RAM
types with the production and release of root cap border
cells, and predictions of the hypothesis that border cell
production might be related to RAM organization type
are examined.

MATERIALS AND METHODS

The RAM types and border cell numbers for 19 dicotyle-
donous plant species were compared from the studies of
Hawes et al. (2003) and Groot et al. (2004). In addition,
three representative species exhibiting different apical
organization types, Pisum sativum ‘Little Marvel’ (basic-
open), Helianthus annuus ‘California Greystripe’ (inter-
mediate-open) and Brassica napus (closed), were
examined. Seeds were surface sterilized in a 25% bleach
solution with a small amount of Alconox (White Plains, NY,
USA) detergent for 10 min, then rinsed three times in sterile
glass-distilled water. The seeds were imbibed for a min-
imum of 4 h at room temperature and transferred to 1% agar
plates overlaid with no. 1 Whatman (Florham Park, NJ,
USA) filter paper. The plates were wrapped in aluminium
foil to exclude light and held in a growth chamber at 25 �C.
Petri dishes were laid flat in the growth chamber for con-
venience; previous experiments with Arabidopsis thaliana
showed that apical organization pattern was not affected by
root orientation. Seeds were allowed to germinate and grow
for a period of 4–7 d before root tips were harvested.

Root tips were excised and then fixed in a solution of
2�4% glutaraldehyde, 0�3% paraformaldehyde and 0�025 M

PIPES [piperazine-N, N0-bis (2-ethanesulfonic acid)] buffer
(pH 7�2) for a minimum of 24 h for scanning electron micro-
scopy (SEM) examination. Specimens were rinsed three
times in 0�025 M PIPES buffer and passed through an eth-
anol dehydration series from 10% to 100% at 10% incre-
ments at 15-min intervals with three changes of absolute
ethanol. Root tips were then processed for SEM in a
Tousimis (Rockville, MD, USA) critical-point dryer.
Specimens were mounted on aluminium stubs using adhes-
ive carbon tabs and gold coated in a Denton Desk II cold
sputter coater (Moorestown, NJ, USA). The specimens were
viewed and photographed using a Hitachi (Schaumburg, IL,
USA) S-3500N scanning electron microscope.

Root tips were excised, fixed and dehydrated using the
procedure described above, with an additional staining step
using 0�05% fast green in 95% ethanol prior to dehydration
in absolute ethanol, for light microscopy examination.
Specimens were infiltrated and embedded in JB-4 resin
(Polysciences, Inc., Warrington, PA, USA) according to
the manufacturer’s directions. Specimens were trimmed,
affixed to 1�5-cm pieces of wooden dowel and sectioned
using a Reichert-Jung 2050 Supercut microtome (Hamburg,
Germany) at 5-mm thickness. Sections were placed onto
water droplets on gelatin-coated slides, dried on a 60 �C
slide warmer and stained using the periodic acid/Schiff’s
reaction.

Whole root tips were excised and immediately stained in
saturated aqueous fluorescein diacetate (FDA) for 4 h and
mounted on slides with distilled water. Fluorescein diacet-
ate is a vital stain designed to determine if the stained cells
are living (O’Brien and McCully, 1981).

For border cell counts, seeds were surface sterilized,
imbibed in water for 4 h, then plated onto water agar
(1�0%, w/v) overlaid with filter paper. When radicles
were >25mm in length (48–72 h, depending on species),
border cells from 5–10 roots were harvested as follows. The
apices (1–2mm) were immersed in a droplet of water and
placed on a hydrophobic surface (i.e. plastic Petri dish) for
1–2 min. The water was agitated briefly by taking up and
releasing with a pasteur pipette, and an aliquot of cells was
placed onto a microscope slide. Cell number was measured
by direct counts, and was based on a mean of at least three
samples of five roots per sample, as described (Hawes and
Lin, 1990). Cell numbers given in Table 1 were rounded to
the nearest 100.

RESULTS

Initial comparison was made of Hawes et al.’s (2003) data
on border cell counts from 19 plant species (of Brassicaceae,
Solanaceae, Apiaceae, Fabaceae, Malvaceae, Asteraceae
and Cucurbitaceae) with their respective RAM organization
types (Groot et al., 2004). The results revealed that species
with open (either basic-open or intermediate-open) organ-
ization produced significantly more border cells than
species with closed organization (Table 1). All species
exhibiting open RAM organization produced at least an
order of magnitude more border cells in the same time
period (24 h) than those with closed RAM organization
(Fig. 1, Table 1). This information prompted an anatomical
investigation of these examples and other species to verify
this relationship and to examine the potential developmental
causes for this correlation.

The structure and organization of the root tips of Brassica
napus (closed), Helianthus annuus (intermediate-open) and
Pisum sativum (basic-open) are shown in Figs 2–4. Roots
with closed organization, such as those of B. napus, have
discrete tiers of initials and show clear cell file connections
to those initials (Fig. 2A). In such closed roots, the root cap
tends to peel off in layers or groups of cells (Fig. 2A–C).
H. annuus provides an example of a root with intermediate-
open organization in which clearly defined initial tiers are
not seen and root cap cells separate mostly as single or
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small groups of border cells (Fig. 3A–C). Roots like those of
P. sativum with basic-open organization seemingly lack
discrete initial tiers altogether and release many border
cells (Fig. 4A–C).

The same three species, B. napus, H. annuus and
P. sativum, were examined with a vital stain to determine
if the most peripheral cells of the root cap and the border
cells, if released, tended to be dead or alive. In B. napus
(Fig. 5) no border cells were observed and the cells on the
root cap periphery showed no stain and were apparently not
living. Both H. annuus and P. sativum (Figs 6 and 7) showed
a positive reaction in the root cap periphery and the released
border cells, suggesting that these cells were living.

DISCUSSION

Border cell production and release and RAM organization
type are conserved within taxa. This observation led to the
idea that the capacity for border cell production and release

could be correlated with RAM organization type. An initial
comparison was made of Hawes et al.’s (2003) data on
border cell counts from 19 plant species in seven different
families (Brassicaceae, Solanaceae, Apiaceae, Fabaceae,
Malvaceae, Asteraceae and Cucurbitaceae) with their
respective RAM types from Groot et al. (2004). From
this comparison, species with open RAM (either basic-
open or intermediate-open) organization were found to
produce significantly more border cells than species with
closed organization. This information prompted an anatom-
ical investigation to verify this relationship and to examine
the potential developmental causes for this correlation.

TABLE 1. Root apical meristem organization types and released border cell numbers

Species Family Apical organization type* Number of border cells†

Arabidopsis thaliana Brassicaceae c 0
Solanum melongena Solanaceae c 50
Petunia hybrida Solanaceae c 100
Nicotiana tabacum Solanaceae c 100
Capsicum annuum Solanaceae c 100
Lycopersicon esculentum Solanaceae c 200
Luffa cylindrica Cucurbitaceae b-o 1500
Helianthus annuus Asteraceae i-o 2000
Citrullus lanatus Cucurbitaceae b-o 2400
Daucus carota Apiaceae i-o 2500
Cucumis melo Cucurbitaceae b-o 2500
Cucumis sativa Cucurbitaceae b-o 3100
Phaseolus vulgaris Fabaceae b-o 3500
Glycine max Fabaceae b-o 3700
Sesbania exaltata Fabaceae b-o 3900
Pisum sativum Fabaceae b-o 4500
Sesbania javonica Fabaceae b-o 4600
Vigna unguiculata Fabaceae b-o 6000
Gossypium hirsutum Malvaceae i-o 10 000

* Abbreviations: c, closed; b-o, basic-open; i-o, intermediate-open. Data from Groot et al. (2004).
† Data from Hawes et al. (2003).
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F I G . 1. Graph illustrating that roots with closed organization (triangles)
have few to no border cells, and those with open organization [intermediate-
open (open squares) and basic-open (closed squares)] tend to release
border cells. Border cell number data from Hawes et al. (2003) and root
apical meristem organization data from Groot et al. (2004).

A B

C

F I G . 2. (A) Scanning electron micrograph of the tip of a Brassica napus
root showing external view of the root cap. (B) Longitudinal section of a
closed root apical meristem showing initial tiers and root cap layers
peeling off. (C) Transverse view. Individual border cells do not occur.

Scale bars = 90 mm.
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RAM organization type tends to be a fairly specific char-
acter in plant families. Groot et al. (2004) studied RAM
organization as a phylogenetic character in 35 dicotyledon-
ous angiosperm families representing 23 different orders.
RAM organization type was determined to be open (basic-
open or intermediate-open) or closed based on the pattern of
initials found in the root tip in median longitudinal view.
Closed RAM organization in dicotyledonous angiosperms
refers to roots where three specific tiers of initials are found
for the epidermis/root cap, cortex and vascular cylinder,
respectively. Basic-open organization is found in only
two families—Fabaceae and Cucurbitaceae—and in that
instance specific tiers of initials are absent. Intermediate-
open RAM organization refers to cases where the initials are
not clearly defined, i.e. two or more tissue systems may
share undefined initials (Groot et al., 2004). The root tips
studied by Groot et al. (2004) were sampled either from 1–
2-week-old seedlings, or from verified drawings or photo-
graphs found in the literature. The three RAM organization

types were then plotted by Groot et al. (2004) onto the
Angiosperm Phylogeny Group cladogram (Soltis et al.,
2000) and interpreted based on their distribution patterns
in the different plant orders. The intermediate-open RAM
type was found in basal eudicots such as the Ranunculales
and was the ancestral condition. The closed RAM condition
was derived once at the base of the core eudicots, and is
found in its two large branches, the rosid and asterid clades.
Intermediate-open and basic-open RAM types reappeared at
different times as reversions.

Anatomical clues to border cell production and release
from the RAM

Table 2 lists families for which at least some genera
are known to have the closed RAM organization type. As
shown in the current study, B. napus has closed organization

A B

C

F I G . 4. (A) Scanning electron micrograph of Pisum sativum root tip.
(B) Longitudinal view showing basic-open root apical meristem org-
anization. (C) Transverse view showing released border cells. Scale

bars = 105 mm.

A

Root cap

B

F I G . 5. (A) Whole mount of Brassica napus root tip. (B) Same root tip
stained with fluoroscein diacetate shows no staining on the root cap

periphery, indicating no living cells. Scale bar = 70 mm.

A B

C

F i g . 3 . (A) Scanning electron micrograph of Helianthus annuus root tip.
(B) An example of intermediate-open root apical meristem organization
in longitudinal view. (C) Transverse view showing border cells. Scale

bars = 60 mm (A), 90 mm (B and C).

Border cells

A B

F I G . 6. (A) Whole mount of Helianthus annuus root tip. (B) Same root tip
showing positive fluoroscein diacetate staining of released border cells.

Scale bar = 46 mm.
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and the cells on the periphery of the RAM showed no
fluorescein diacetate (FDA) staining, indicating that the
peripheral root cap cells are not living. In addition, peri-
pheral root cap cells tend to be released in sheets and
no living border cells were observed. This corresponds
with the observation of Zhu and Rost (2000), who showed
in Arabidopsis thaliana that apoptosis is triggered in the
outer two layers of the root cap 2 weeks after germination.
The symptoms of apoptosis observed by Zhu and Rost
(2000) were nuclear degeneration, symplasmic isolation
by reduction in numbers of plasmodesmata, and the appear-
ance of dysfunctional plasmodesmata. Wang et al. (1996)
observed apoptosis in peripheral root cap cells of tomato
(Lycopersicon esculentum), another species with closed
RAM organization. These observations in three different
species in two families suggest the apoptosis occurs in
the peripheral layers of the root cap of roots with closed
RAM organization, thereby precluding the production and
release of border cells. Root cap cells are released from B.
napus (current study) and A. thaliana, but cells tend to peel
off in layers or sheets of dead cells (Vicre et al., 2005). It is
therefore incorrect to refer to these as border cells.

Roots of H. annuus (intermediate-open) and P. sativum
(basic-open) with open organization showed positive FDA
staining and released living border cells from their root
caps. The obvious difference between roots with open and

closed RAMorganization, therefore, is that roots with closed
organization are programmed to trigger apoptosis in the
outer layers of their root caps and roots with open organ-
ization are programmed instead to produce and release
living border cells from their root caps.

Throughout years of study and literally hundreds of
papers published on RAM organization (e.g. Rost, 1994;
Rost and Bryant, 1996; Groot and Rost, 2001a, b; Groot
et al., 2004), we are unaware of any reports that suggest
any particular significance, ecological or otherwise, to RAM
organization type. As far as we are aware, this is the first
time a function for RAM organization has even been sug-
gested. Are their any developmental clues to explain this
difference in function?

Few studies have been published on the formation of the
root caps in dicot plants. Baum and Rost (1996) and Wenzel
and Rost (2001) reported on the precise development of the
epidermis and root cap in A. thaliana. The peripheral root
cap and epidermis are organized into modules of cells
derived from a T-division of a root cap/protoderm (RCP)
initial cell. This unique cell divides sequentially four times
to produce 16 peripheral root cap cells and 16 protoderm
cells per module. The RCPs divide around the RAM
circumference in waves to form successive modules. The
regularity of the pattern suggests a timing mechanism to
co-ordinate the divisions of the RCP initials and the cells
making up the modules of protoderm and peripheral root
cap cells. Zhu et al. (1998a) showed that the cells of the
peripheral root cap layers in A. thaliana had very few plas-
modesmata and that these cells were basically symplasmic-
ally isolated. The outer layers of the peripheral root cap cells
tend to be released in sheets, but as described earlier, these
cells are not living border cells.

Wenzel et al. (2001) conducted a similar developmental
study on the formation of the protoderm and peripheral root
cap in white clover (Trifolium repens), a species with open
RAM organization. Although this species has open RAM
organization it still had RCP initials that regulated the
formation of the protoderm and peripheral root cap. The
RCP divided sequentially to formmodules of protoderm and
peripheral root cap cells in multiples of four, typically end-
ing with 32 cells of each tissue in a module. The RCP cells
divided around the circumference of the RAM producing
rounds of peripheral root cap layers. The two studies above
suggest that the developmental protocol followed to pro-
duce the protoderm and peripheral root cap is fundamentally
the same in these two examples— A. thaliana, a closed root
species, and T. repens, an open root species. These are only
two examples, but they suggest no particular difference in
the developmental process that structurally creates the peri-
pheral root cap. The only essential difference remains that
the outer layers in closed roots undergo apoptosis and open
roots do not.

The dynamics of root growth offer another twist to
understanding the nature of RAM organization patterns.
Roots tend not to elongate indefinitely and RAM organiza-
tion, size, and shape do not remain static throughout prim-
ary root growth in P. sativum, Gossypium hirsutum or
A. thaliana (Gladish and Rost, 1993; Reinhardt and Rost,
1995; Baum et al., 2002). In roots such as those of

TABLE 2. Families of dicotyledonous angiosperms with
at least some genera with closed root apical meristem

organization (data from Groot et al., 2004)

Eurosid I clade Eurosid II clade Asterid clade

Oxalidaceae Brassicaceae Amaranthaceae
Linaceae Sapindaceae Polygonaceae
Euphorbiaceae Rutaceae Lamiaceae
Onagraceae Haloragaceae Veroniceae

Oleraceae
Solanaceae
Convolvulaceae

Border cells

A B

F I G . 7. (A) Whole mount of Pisum sativum root tip. (B) Same root tip
showing positive fluoroscein diacetate staining of border cells. Scale
bar = 57 mm.
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A. thaliana with closed organization, the primary root stops
elongating about 4 weeks after germination. At that time
RAM organization changes from closed to intermediate-
open (Baum et al., 2002), and the cells in the primary
root meristem stop cycling new cells.

Chapman et al. (2003) made a comparative study of five
different species of plants with closed RAM organization,
and found that the following held true in each instance: prim-
ary roots tend to be determinate in that they eventually cease
elongation and this is followed by a change in roots having
closed RAM organization from closed to intermediate-open
as a result of termination of the cell cycle in the RAM.

This means that in roots with closed RAM organization,
in particular, the RAM pattern does not remain exactly the
same over the entire life span of a root (Chapman et al.,
2003). Two things are clear: (a) all primary roots regardless
of RAM type grow for a finite period and then stop growth;
and (b) roots with closed organization tend to lose their
clear organization when they cease elongation. Do these
older roots now with intermediate-open organization then
produce border cells? The answer is no because the RAM in
these roots has stopped producing new cells for the root cap.
Even though roots with closed organization become open
when the root stops elongating, border cells do not form,
because coupled with ceasing elongation, cells in the root
tip also tend to stop cycling and no new cells are made.

This is the first published account of the correlation
between RAM organization type and border cell produc-
tion. Although the investigative methods used elucidated
no anatomical or morphological reason for this correlation
outside of the presence of apoptosis in roots with closed
organization, the correlation itself is a noteworthy addition
to the limited literature on the topic of root caps and border
cells.

What difference does the absence of border cells make?

Border cells comprise an unusual ‘tissue’, cells of which
separate into the external environment where they release
specific signals that modulate gene expression and growth
in soil-borne bacteria and fungi (Hawes et al., 1998). Viab-
ility of border cells and their capacity to detach from
the root into the rhizosphere appear to be critical to their
role in modulating root infection by pathogenic fungi
(Gunawardena et al., 2005). Living border cells also appear
to play a role in the establishment of mycorrhizal symbiosis
(Nagahashi and Douds, 2004). The number of border cells
produced per root, in fact, is tightly correlated with the
capacity to be infected with arbuscular mycorrhizal
fungi, and species such as A. thaliana that do not produce
border cells cannot form mycorrhizal associations (Niemira
et al., 1996). In legumes, border cells produce signals that
induce sporulation in pathogenic fungi and nodulation gene
expression in Rhizobium species, and failure of nodulation
is correlated with delayed production of border cells (Zhu
et al., 1997; Woo et al., 2004; Gunawardena et al., 2005).
If there is a causal relationship between border cell pro-
duction and susceptibility of roots to infection by specific
soil-borne organisms, then understanding the differences

between plants with and without border cells may yield
avenues for crop improvement.

Understanding why some families of plants have evolved
roots with closed apical organization which do not produce
border cells is an important problem. If such roots lack the
capacity to interact with soil-borne micro-organisms, then
either that ability was not needed to survive in their native
environment or they have alternative means to deal with
them. A future project will be to study the origins of the
families listed in Table 2 to understand better their native
rhizosphere conditions. In the meantime, it is now clear that
dicotyledonous plants whose root tips have closed RAM
organization do not produce border cells, and those with
open organization do.
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